Physical flavor neutrino states by Blasone, Massimo
ar
X
iv
:1
10
7.
53
86
v1
  [
he
p-
ph
]  
27
 Ju
l 2
01
1
Physical flavor neutrino states
Massimo Blasone† 1,2
1 Dipartimento di Matematica e Informatica, Universita` degli Studi di Salerno, Via Ponte don
Melillo, I-84084 Fisciano (SA), Italy
2 INFN Sezione di Napoli, Gruppo collegato di Salerno, Baronissi (SA), Italy
E-mail: †blasone@sa.infn.it
Abstract. The problem of representation for flavor states of mixed neutrinos is discussed. By
resorting to recent results, it is shown that a specific representation exists in which a number of
conceptual problems are resolved. Phenomenological consequences of our analysis are explored.
1. Introduction
The detailed study of neutrino mixing in the context of quantum field theory has led to the
discovery of unexpected features associated to such a phenomenon. Indeed, it was found [1] that
the Hilbert space where the mixed (flavor) field operators are defined is unitarily inequivalent,
in the infinite volume limit, to the Hilbert space for the original (unmixed) field operators. This
is due to the condensate structure of the vacuum state for the flavor fields, the flavor vacuum,
which turns out to be a coherent state.
These results have been then found to have general validity independently of the type or
number of field involved [2, 3, 4, 5, 6]. Flavor oscillation formulas were derived [7, 8, 9] exhibiting
corrections with respect to the usual ones derived in quantum mechanics [10]. Effects of flavor
vacuum structure have been discussed also in connection with cosmological constant [11] and
Lorentz invariance [12]. Flavor states have also been studied as (relativistic) examples of single-
particle entanglement [13]. More recently, a non-abelian gauge structure has been recognized to
be associated to flavor mixing [14].
In this paper, we discuss a novel representation of flavor vacuum and flavor states which
presents some advantages with respect to the one previously adopted [1]. Phenomenological
consequences of this choice are explored.
2. Neutrino mixing in QFT
Let us denote by νe, νµ the neutrino fields with definite flavors and by ν1, ν2 the neutrino fields
with definite masses m1, m2, respectively. We consider the lagrangian
L = ν¯e (i 6∂ −me) νe + ν¯µ (i 6∂ −mµ) νµ − meµ (ν¯eνµ + ν¯µνe) . (1)
which is diagonalized by the transformation
νe(x) = ν1(x) cos θ + ν2(x) sin θ , (2)
νµ(x) = −ν1(x) sin θ + ν2(x) cos θ , (3)
where θ is the mixing angle and me = m1 cos
2 θ + m2 sin
2 θ , mµ = m1 sin
2 θ + m2 cos
2 θ ,
meµ = (m2 −m1) sin θ cos θ . The result is the sum of two free Dirac Lagrangians:
L = ν¯1 (i 6∂ −m1) ν1 + ν¯2 (i 6∂ −m2) ν2 . (4)
The expansions for ν1 and ν2 are:
νi(x) =
∑
r=1,2
∫
d3k
(2π)
3
2
[
urk,iα
r
k,i(t) + v
r
−k,iβ
r†
−k,i(t)
]
eik·x, i = 1, 2 , (5)
with αr
k,i(t) = e
−iωitαr
k,i(0), β
r
k,i(t) = e
−iωitβr
k,i(0) and ωi =
√
k2 +m2i . Here and in the
following we use t ≡ x0, when no misunderstanding arises. The vacuum for the αi and βi
operators is denoted by |0〉1,2: α
r
k,i|0〉12 = β
r
k,i|0〉12 = 0. The anticommutation relations are
the usual ones (see Ref. [1]). The orthonormality and completeness relations are:
ur†
k,iu
s
k,i = v
r†
k,iv
s
k,i = δrs , u
r†
k,iv
s
−k,i = v
r†
−k,iu
s
k,i = 0 ,
∑
r
(urk,iu
r†
k,i + v
r
−k,iv
r†
−k,i) = 1I . (6)
The fields νe and νµ are thus completely determined through Eq. (3), which can be rewritten
in the following form (we use (σ, j) = (e, 1), (µ, 2)):
νσ(x) = G
−1
θ (t) νj(x)Gθ(t) =
∑
r=1,2
∫
d3k
(2π)
3
2
[
urk,jα
r
k,σ(t) + v
r
−k,jβ
r†
−k,σ(t)
]
eik·x, (7)
Gθ(t) = exp
[
θ
∫
d3x
(
ν†1(x)ν2(x)− ν
†
2(x)ν1(x)
)]
, (8)
where Gθ(t) is the generator of the mixing transformations (3) (see Ref. [1] for a discussion of
its properties).
Eq.(7) gives an expansion of the flavor fields νe and νµ in the same basis of ν1 and ν2. The
flavor annihilation operators are then identified with(
αr
k,σ(t)
βr†−k,σ(t)
)
= G−1θ (t)
(
αr
k,j(t)
βr†−k,j(t)
)
Gθ(t) . (9)
The action of the mixing generator on the vacuum |0〉1,2 is non-trivial and we have:
|0(t)〉e,µ ≡ G
−1
θ (t) |0〉1,2 . (10)
|0(t)〉e,µ is the flavor vacuum, i.e., the vacuum for the flavor fields[1].
The explicit expression of the flavor annihilation operators is (we choose k = (0, 0, |k|)):
αr
k,e(t)
αr
k,µ(t)
βr†−k,e(t)
βr†−k,µ(t)
 =

cθ sθ |Uk| 0 sθ ǫ
r |Vk|
−sθ |Uk| cθ sθ ǫ
r |Vk| 0
0 −sθ ǫ
r |Vk| cθ sθ |Uk|
−sθ ǫ
r |Vk| 0 −sθ |Uk| cθ


αr
k,1(t)
αr
k,2(t)
βr†−k,1(t)
βr†−k,2(t)
 , (11)
where cθ ≡ cos θ, sθ ≡ sin θ, ǫ
r ≡ (−1)r, and
|Uk| ≡ u
r†
k,2u
r
k,1 = v
r†
−k,1v
r
−k,2 , (12)
|Vk| ≡ ǫ
r ur†
k,1v
r
−k,2 = −ǫ
r ur†
k,2v
r
−k,1 . (13)
The number of particles with definite mass condensed in the flavor vacuum is given by
e,µ〈0(t)|α
r†
k,iα
r
k,i|0(t)〉e,µ = e,µ〈0(t)|β
r†
k,iβ
r
k,i|0(t)〉e,µ = sin
2 θ |Vk|
2, i = 1, 2 . (14)
Following the usual procedure, we define the flavor charges for the flavor neutrino fields [8]:
Qσ(t) =
∫
d3x ν†σ(x) νσ(x) , σ = e, µ, (15)
with Qe(t) +Qµ(t) = Q, where Q is the total (conserved) lepton charge.
The flavor charges are diagonal when expressed in terms of the flavor ladder operators Eq (11):
Qσ(t) =
∑
r
∫
d3k
(
αr†
kσ(t)α
r
kσ(t)− β
r†
−kσ(t)β
r
−kσ(t)
)
. (16)
The eigenstates of such charge operators (flavor neutrino states) are consistently defined as:
|ν rkσ(t)〉 ≡ α
r†
kσ(t)|0(t)〉e,µ. (17)
3. General expansion
It was noted [2], that in the expansion Eq. (7) one could use eigenfunctions with arbitrary masses
µσ, and therefore not necessarily the same as the masses which appear in the (diagonalized)
Lagrangian. On this basis, the flavor fields can be also written as [2, 15]
νσ(x) =
∑
r=1,2
∫
d3k
(2π)
3
2
[
urk,σα˜
r
k,σ(t) + v
r
−k,σβ˜
r†
−k,σ(t)
]
eik·x, (18)
where uσ and vσ are the helicity eigenfunctions with mass µσ. We denote by a tilde the
generalized flavor operators introduced in Ref. [2] in order to distinguish them from the ones
defined in Eq. (9). The expansion Eq. (18) is more general than the one in Eq. (7) since the
latter corresponds to the particular choice µe ≡ m1, µµ ≡ m2.
The relation between the flavor and the mass operators is now:(
α˜r
k,σ(t)
β˜r†−k,σ(t)
)
= K−1θ,µ(t)
(
αr
k,j(t)
βr†−k,j(t)
)
Kθ,µ(t) , (19)
with (σ, j) = (e, 1), (µ, 2) and where Kθ,µ(t) is the generator of the transformation (3) and can
be written as
Kθ,µ(t) = Iµ(t)Gθ(t) , (20)
Iµ(t) =
∏
k,r
exp
i∑
(σ,j)
ξkσ,j
[
αr†
k,j(t)β
r†
−k,j(t) + β
r
−k,j(t)α
r
k,j(t)
] , (21)
with ξkσ,j ≡ (χσ − χj)/2 and cotχσ = |k|/µσ , cotχj = |k|/mj . For µe ≡ m1, µµ ≡ m2 one has
Iµ(t) = 1. The explicit matrix form of the flavor operators is [2]:
α˜r
k,e(t)
α˜r
k,µ(t)
β˜r†−k,e(t)
β˜r†−k,µ(t)
 =

cθ ρ
k
e1 sθ ρ
k
e2 icθ λ
k
e1 isθ λ
k
e2
−sθ ρ
k
µ1 cθ ρ
k
µ2 −isθ λ
k
µ1 icθ λ
k
µ2
icθ λ
k
e1 isθ λ
k
e2 cθ ρ
k
e1 sθ ρ
k
e2
−isθ λ
k
µ1 icθ λ
k
µ2 −sθ ρ
k
µ1 cθ ρ
k
µ2


αr
k,1(t)
αr
k,2(t)
βr†−k,1(t)
βr†−k,2(t)
 , (22)
where cθ ≡ cos θ, sθ ≡ sin θ and
ρkabδrs ≡ cos
χa − χb
2
δrs = u
r†
k,au
s
k,b = v
r†
−k,av
s
−k,b , (23)
iλkabδrs ≡ i sin
χa − χb
2
δrs = u
r†
k,av
s
−k,b = v
r†
−k,au
s
k,b , (24)
with a, b = 1, 2, e, µ. Since ρk12 = |Uk| and iλ
k
12 = ǫ
r|Vk|, etc., the operators (22) reduce
1 to the
ones in Eqs. (11) when µe ≡ m1 and µµ ≡ m2.
The generalized flavor vacuum, which is annihilated by the flavor operators given by Eq. (22),
is now written as [2]:
|0˜(t)〉e,µ ≡ K
−1
θ,µ(t)|0〉1,2 . (25)
For µe ≡ m1 and µµ ≡ m2, this state reduces to the standard flavor vacuum |0(t)〉e,µ of Eq. (10).
4. Gauge structure and choice of the representation
We have seen how it is possible to define exact flavor charge eigenstates for mixed neutrinos.
We have also seen that an apparent arbitrariness exists in the choice of the basis of free fields
respect to which the flavor fields are expanded. Such a choice cannot be arbitrary since the
structure of the flavor vacuum and thus the physical results depend on it. A remarkable result
was presented in Ref. [15], where it was shown that the oscillation formulas are insensitive to
the choice of such a basis.
However, there are other aspects which need to be considered. One is that Lorentz invariance
is broken, since the flavor vacuum is explicitly time-dependent. As a consequence, flavor states
cannot be interpreted in terms of irreducible representations of the Poincare´ group. A possible
way to recover Lorentz invariance for mixed fields has been explored in Ref. [12] where non-
standard dispersion relations for the mixed particles have been related to non-linear realizations
of the Poincare´ group [16].
A different way has been explored in Ref. [14], where it has been shown that a non-abelian
gauge structure appears naturally in connection with flavor mixing. In this framework, it is then
possible to account for the above-mentioned violation of Lorentz invariance due to the flavor
vacuum having, at the same time, standard dispersion relations for flavor neutrino states.
To see how this is possible, let us note that the Lagrangian Eq. (1) can be rewritten as
describing a doublet of Dirac fields in interaction with an external Yang–Mills field:
L = ν¯f (iγ
µDµ −Md)νf , (26)
where νf = (νe, νµ)
T is the flavor doublet and Md = diag(me,mµ) is a diagonal mass matrix.
We have introduced a covariant derivative and a gauge field as
Dµ = ∂µ + i g β Aµ, (27)
Aµ ≡
1
2
Aaµσa = nµδm
σ1
2
∈ su(2), nµ ≡ (1, 0, 0, 0)T , (28)
where meµ =
1
2 tan 2θ δm, and δm ≡ mµ − me. We also define g ≡ tan 2θ as the coupling
constant for the mixing interaction. Flavor mixing can thus be seen as an interaction of the
flavor fields with an SU(2) constant gauge field.
Here αi, i = 1, 2, 3 and β are the usual Dirac matrices in a given representation. For
definiteness, we choose the following representation:
αi =
(
0 σi
σi 0
)
, β =
(
1I 0
0 −1I
)
, (29)
1 Up to a minus sign, see Ref. [15].
where σi are the Pauli matrices and 1I is the 2× 2 identity matrix.
We now consider the energy momentum tensor associated with the flavor neutrino fields in
interaction with the external gauge field [14]:
T˜ρσ = ν¯f iγρDσνf − ηρσν¯f (iγ
λDλ −Md)νf , (30)
which is to be compared with the canonical energy momentum tensor associated with the
Lagrangian (1):
Tρσ = ν¯f iγρDσνf − ηρσν¯f (iγ
λDλ −Md)νf + ηρσmeµν¯fσ1νf . (31)
We then define a 4-momentum operator as P˜µ ≡
∫
d3x T˜ 0µ and obtain a conserved
3−momentum operator:
P˜ i = i
∫
d3x ν†f∂
iνf
= i
∫
d3x ν†e∂
iνe + i
∫
d3x ν†µ∂
iνµ
≡ P˜ ie(t) + P˜
i
µ(t), i = 1, 2, 3 (32)
and a non-conserved Hamiltonian operator:
P˜ 0(t) ≡ H˜(t) =
∫
d3x ν¯f (iγ0D0 − iγ
µDµ +Md) νf
=
∫
d3x ν†e (−iα ·∇+ βme) νe +
∫
d3x ν†µ (−iα ·∇+ βmµ) νµ
≡ H˜e(t) + H˜µ(t). (33)
Note that both the Hamiltonian and the momentum operators split in a contribution involving
only the electron neutrino field and in another where only the muon neutrino field appears.
We remark that the tilde Hamiltonian is not the generator of time translations. This role
competes to the complete Hamiltonian H =
∫
d3xT 00, obtained from the energy-momentum
tensor Eq. (31).
We now show that it is possible to define flavor neutrino states which are simultaneous
eigenstates of the 4-momentum operators above constructed and of the flavor charges. Such a
non-trivial request requires a redefinition of the flavor vacuum. Indeed, one can show [14] that
this is achieved by means of the expansion Eq. (7), provided one sets µe = me and µµ = mµ.
From now on we use the tilde to denote the flavor operators so defined.
The tilde flavor operators are connected to those of Section 2 by a Bogoliubov transformation:(
α˜r
k,σ(t)
β˜r†−k,σ(t)
)
= J−1(t)
(
αr
k,σ(t)
βr†−k,σ(t)
)
J(t), (34)
J(t) =
∏
k,r
exp
i∑
(σ,j)
ξkσ,j
[
αr†
k,σ(t)β
r†
−k,σ(t) + β
r
−k,σ(t)α
r
k,σ(t)
] , (35)
with (σ, j) = (e, 1), (µ, 2), and with ξkσ,j ≡ (χσ − χj)/2 and cotχσ = |k|/mσ , cotχj = |k|/mj .
The new (physical) flavor vacuum is given by
|0˜(t)〉eµ = J
−1(t)|0(t)〉eµ. (36)
Notice that the flavor charges are invariant under the above Bogoliubov transformations [15],
i.e., Q˜σ = Qσ, with:
Q˜σ(t) =
∑
r
∫
d3k
(
α˜r†
kσ(t)α˜
r
kσ(t)− β˜
r†
−kσ(t)β˜
r
−kσ(t)
)
. (37)
In terms of the tilde flavor ladder operators, the Hamiltonian and momentum operators
Eqs. (32) and (33) read:
P˜σ(t) =
∑
r
∫
d3k k
(
α˜r†
k,σ(t)α˜
r
k,σ(t) + β˜
r†
k,σ(t)β˜
r
k,σ(t)
)
, (38)
H˜σ(t) =
∑
r
∫
d3kωk,σ
(
α˜r†
k,σ(t) α˜
r
k,σ(t)− β˜
r
k,σ(t) β˜
r†
k,σ(t)
)
. (39)
Since all the above operators are diagonal, we can define common eigenstates as follows:
|ν˜ rk,σ(t)〉 = α˜
r†
k,σ(t)|0˜(t)〉eµ , (40)
and similar ones for the antiparticles. We have(
H˜σ(t)
P˜σ(t)
)
|ν˜ rk,σ(t)〉 =
(
ωk,σ
k
)
|ν˜ rk,σ(t)〉, (41)
making explicit the 4−vector structure.
Note that the above construction and the consequent Poincare´ invariance holds at a given
time t. Thus, for each different time, we have a different Poincare´ structure. Flavor neutrino
fields behave (locally in time) as ordinary on-shell fields with definite masses me and mµ, rather
than those of the mass eigenstates of the standard approach, m1 and m2. Flavor oscillations
then arise as a consequence of the interaction with the (constant) gauge field, which acts as a
birefringent medium and can be seen as a neutrino aether.
The operator H˜ can be viewed as the sum of the kinetic energies of the flavor neutrinos, or
equivalently as the energy which can be extracted from flavor neutrinos by scattering processes,
the mixing energy being “frozen”. A thermodynamical picture is given in Ref. [14].
Finally we consider the condensation densities for the physical flavor vacuum Eq. (36). They
are given by
e,µ〈0˜(t)|α
r†
k,1α
r
k,1|0˜(t)〉e,µ = e,µ〈0˜(t)|β
r†
k,1β
r
k,1|0˜(t)〉e,µ = cos
2 θ sin2 ξke,1 + sin
2 θ sin2 ξke,2, (42)
e,µ〈0˜(t)|α
r†
k,2α
r
k,2|0˜(t)〉e,µ = e,µ〈0˜(t)|β
r†
k,2β
r
k,2|0˜(t)〉e,µ = cos
2 θ sin2 ξkµ,2 + sin
2 θ sin2 ξkµ,1, (43)
which have to be compared with the result Eq.(14).
5. Phenomenology
A number of (possible) physical effects can be discussed starting from the results of last Section.
Here we briefly consider some of them.
5.1. Neutrino oscillations
The flavor oscillation formulas are derived by computing, in the Heisenberg representation, the
expectation value of the flavor charge operators on the flavor state [7].
In the physical representation above defined, we obtain2
〈ν˜ rk,ρ|Q˜σ(t)|ν˜
r
k,ρ〉 =
∣∣∣{α˜rk,σ(t), α˜r†k,ρ(0)}∣∣∣2 + ∣∣∣{β˜r†−k,σ(t), α˜r†k,ρ(0)}∣∣∣2 , σ, ρ = e, µ. (44)
A similar result holds if we consider expectation values on antiparticle states.
For the case of two flavors, the above formula turns out to be identical [15] to the one defined
by means of the representation of Section 2. However, corrections arise for the case of three
flavors, when CP violation is present [9].
5.2. Beta decay
In the above picture, flavor neutrinos states have standard dispersion relations and the
oscillations are due to the interaction with the external gauge field (neutrino aether).
Consequently, in experiments for the direct measurement of the neutrino masses, as the ones
based on tritium (beta) decay, flavor neutrinos are predicted to exhibit the behavior of ordinary
free particles with masses me and mµ rather than superpositions of massive states with masses
m1 and m2. This is discussed in detail in Ref. [14].
5.3. Cosmological constant
The energy of the flavor vacuum can provide a non-standard contribution to the cosmological
constant. In Ref. [11] such a contribution was evaluated by means of the representation of
Section 2. In the light of the above results, it needs to be recalculated by use of the correct
flavor vacuum.
In Ref. [11] the contribution 〈ρmixvac 〉 of the neutrino mixing to the vacuum energy density is
shown to be:
〈ρmixvac 〉η00 = e,µ〈0˜|
∑
i
T
(i)
00 |0˜〉e,µ , (45)
where
T
(i)
00 =
∑
r
∫
d3kωk,i
(
αr†
k,iα
r
k,i + β
r†
−k,iβ
r
−k,i
)
, i = 1, 2. (46)
By using the result Eqs.(42), (43), we obtain
〈ρmixvac 〉η00 = 4
∫
d3kωk,1
(
cos2 θ sin2 ξke,1 + sin
2 θ sin2 ξke,2
)
(47)
+ 4
∫
d3kωk,2
(
cos2 θ sin2 ξkµ,2 + sin
2 θ sin2 ξkµ,1
)
. (48)
which is to be compared with the result of Ref. [11]. Notice that the above contribution is zero
in the no-mixing limit when the mixing angle θ = 0 and/or m1 = m2.
When a cutoff K is introduced, the above integral can be evaluated and the result turns out
to be proportional to K2, whereas the usual free-field zero-point energy contribution would be
going like K4.
2 We use the notation |ν˜ rk,ρ〉 ≡ α˜
r†
k,ρ(0)|˜0(0)〉e,µ and |˜0〉e,µ ≡ |˜0(0)〉e,µ.
5.4. Supersymmetry
It has been argued [17, 18] that the flavor vacuum structure can provide a mechanism for
supersymmetry breaking. This can be seen [17] by considering a Lagrangian of the form3
L = −
i
2
ψ¯f (6∂ +M)ψf −
1
2
∂µSf ∂
µSf −
1
2
STf M
2 Sf −
1
2
∂µPf ∂
µPf −
1
2
P Tf M
2 Pf ,
= −
i
2
ψ¯ (6∂ +Md)ψ −
1
2
∂µS ∂
µS −
1
2
ST M2d S −
1
2
∂µP ∂
µP −
1
2
P T M2d P , (49)
with M =
(
ma mab
mab mb
)
and Md = diag(m1,m2). The fields are two free Majorana fermions
ψi, two free real scalars Si, two free real pseudoscalars Pi: ψ = (ψ1, ψ2)
T , S = (S1, S2)
T , P =
(P1, P2)
T . The flavor fields are defined as:
ψf = Uψ, Sf = US, Pf = UP, (50)
where ψf = (ψa, ψb)
T , S = (Sa, Sb)
T , P = (Pa, Pb)
T , and U =
(
cos θ sin θ
− sin θ cos θ
)
. It is also
ma = m1 cos
2 θ +m2 sin
2 θ, mb = m1 sin
2 θ +m2 cos
2 θ, and mab = (m2 −m1) sin θ cos θ.
The Fourier expansion of the fields (i = 1, 2) are:
ψi(x) =
2∑
r=1
∫
d3k
(2π)
3
2
eikx
[
urk,iα
r
k,ie
−iωk,it + vr−k,iα
†r
−k,ie
iωk,it
]
, (51)
Si(x) =
∫
d3k
(2π)
3
2
1√
2ωk,i
eikx
[
bk,ie
−iωk,it + b†−k,ie
iωk,it
]
, (52)
Pi(x) =
∫
d3k
(2π)
3
2
1√
2ωk,i
eikx
[
ck,ie
−iωk,it + c†−k,ie
iωk,it
]
, (53)
where vr
k,i = γ0C(u
r
k,i)
∗ and ur
k,i = γ0C(v
r
k,i)
∗ by the Majorana condition and the operators
αr
k,i, bk,i and ck,i annihilate the vacuum |0〉 = |0〉
ψ ⊗ |0〉S ⊗ |0〉P . The expectation value of the
Hamiltonian on this vacuum is zero
〈0|(Hψ +HB)|0〉 = 0, (54)
where HB = HS +HP . The generators of the mixing transformations (50) are given by [6]:
Gψ(θ) = exp
[
θ
2
∫
d3x
(
ψ†1(x)ψ2(x)− ψ
†
2(x)ψ1(x)
)]
, (55)
GS(θ) = exp
[
−iθ
∫
d3x(πS1 (x)S2(x)− π
S
2 (x)S1(x))
]
, (56)
GP (θ) = exp
[
−iθ
∫
d3x(πP1 (x)P2(x)− π
P
2 (x)P1(x))
]
, (57)
where πSi (x) and π
P
i (x) are the conjugate momenta of the fields Si(x) and Pi(x), respectively.
The flavor vacuum (at t = 0) is: |0〉f ≡ |0〉
ψ
f ⊗ |0〉
S
f ⊗ |0〉
P
f , where
|0〉ψf ≡ G
−1
ψ (θ) |0〉
ψ , |0〉Sf ≡ G
−1
S (θ) |0〉
S , |0〉Pf ≡ G
−1
P (θ) |0〉
P , (58)
3 The symbol Md introduced here should not be confused with the one of Section 4.
are the flavor vacua of the fields ψσ(x), Sσ(x), Pσ(x), respectively.
In a similar way as done above, we now introduce the physical flavor vacuum:
|0˜〉f ≡ |0˜〉
ψ
f ⊗ |0˜〉
S
f ⊗ |0˜〉
P
f , (59)
The expectation value of the fermionic part of H on |0˜〉f is given by:
f 〈0˜|Hψ|0˜〉f = −
∫
d3k (ωk,1 + ωk,2)
+ 2
∫
d3kωk,1
(
cos2 θ sin2 ξka,1 + sin
2 θ sin2 ξka,2
)
+ 2
∫
d3kωk,2
(
cos2 θ sin2 ξkb,2 + sin
2 θ sin2 ξkb,1
)
, (60)
while for the bosonic part we obtain:
f 〈0˜|HB |0˜〉f =
∫
d3k (ωk,1 + ωk,2)
+ 2
∫
d3kωk,1
(
cos2 θ sin2 ξˆka,1 + sin
2 θ sin2 ξˆka,2
)
+ 2
∫
d3kωk,2
(
cos2 θ sin2 ξˆkb,2 + sin
2 θ sin2 ξˆkb,1
)
, (61)
with ξˆ kσ,i ≡
1
2 ln
ωk,σ
ωk,i
(see Ref. [3]).
Combining Eqs.(60) and (61) we finally have:
f 〈0˜|(Hψ +HB)|0˜〉f = 2 cos
2 θ
∫
d3kωk,1
(
sin2 ξka,1 + sin
2 ξˆka,1
)
+ ωk,2
(
sin2 ξkb,2 + sin
2 ξˆkb,2
)
+ 2 sin2 θ
∫
d3kωk,1
(
sin2 ξka,2 + sin
2 ξˆka,2
)
+ ωk,2
(
sin2 ξkb,1 + sin
2 ξˆkb,1
)
, (62)
which exhibits supersymmetry breaking associated to flavor mixing. The above result differs
from that of Ref. [17].
6. Conclusions
In the framework of the quantum field theory treatment of particle mixing, we have discussed
flavor states for two flavor neutrino mixing. We have given arguments for selecting a physically
relevant representation for the flavor states. Phenomenological consequences of our discussion
have been explored, also in connection to previous results.
Acknowledgments
We acknowledge partial financial support from MIUR and INFN.
References
[1] Blasone M and Vitiello G 1995 Ann. Phys. (N.Y.) 244 283.
[2] Fujii K, Habe C and Yabuki T 1999 Phys.Rev. D 59 113003.
[3] Blasone M, Capolupo A, Romei O and Vitiello G 2001 Phys. Rev. D 63 125015.
[4] Ji C R and Mishchenko Y 2002 Phys. Rev. D 65 096015.
[5] Hannabuss K C and Latimer D C 2000 J. Phys. A 33 1369.
[6] Blasone M and Palmer J 2004 Phys. Rev. D69 057301.
[7] Blasone M, Henning P A, and Vitiello G 1999 Phys. Lett. B 451, 140.
[8] Blasone M, Jizba P, and Vitiello G 2001 Phys. Lett. B 517 471.
[9] Blasone M, Capolupo A and Vitiello G 2002 Phys. Rev. D 66 025033.
[10] Bilenky S M and Pontecorvo B 1978 Phys. Rep. 41 225.
[11] Blasone M, Capolupo A, Capozziello S, Carloni S and Vitiello G 2004 Phys. Lett. A 323 182.
[12] Blasone M, Magueijo J and Pires-Pacheco P 2005 Europhys. Lett. 70 600.
[13] Blasone M, Dell’Anno F, De Siena S, Di Mauro M, and Illuminati F 2008 Phys. Rev. D 77 096002; Blasone
M, Dell’Anno F, De Siena S, and Illuminati F 2009 EPL, 85 50002; 2010 J. Phys. Conf. Ser. 237 012007.
[14] Blasone M, Di Mauro M and Vitiello G 2010 arXiv:1003.5812 [hep-ph].
[15] Blasone M and Vitiello G 1999 Phys. Rev. D 60 111302.
[16] Magueijo J and Smolin L 2003 Phys. Rev. D 67 044017.
[17] Capolupo A, Di Mauro M and Iorio A 2010 arXiv:1009.5041 [hep-th].
[18] Mavromatos N E, Sarkar S and Tarantino W, arXiv:1010.0345 [hep-th].
